INTRODUCTION
Chloroplasts are plant organelles responsible for photosynthesis and contain their own genetic system (1). Chloroplast development is a complex process and is coordinately regulated by both the nuclear and chloroplast genomes (2) . Chloroplast gene expression is thought to be regulated mainly at the posttranscriptional level and nuclear-encoded protein factors have been reported to be involved in this step (3, 4) .
Five nuclear-encoded ribonucleoproteins (RNA-binding proteins, RNPs) have been identified from tobacco chloroplasts (5, 6) . Sequence analysis revealed that all five chloroplast RNPs (cp28, cp29A, cp29B, cp31 and cp33) have similar structures and contain an acidic N-terminal domain and two consensus sequence-type RNA-binding domains (CS-RBDs). The chloroplast RNP of 28 kDa (28RNP) from spinach, which has
MATERIALS AND METHODS

Construction of expression plasmids
Expression plasmids were constructed essentially as described (15) . DNA fragments encoding the wild-type proteins (without transit peptides) of cp29A and cp29B and the deletion mutants (see Fig. 1 ) were prepared by PCR using the cloned cDNAs, pNS29AC and pNS29BC (6) , as templates. The PCR primers of 23-29 mers contain a Sail site at the 5' end and a BamHl site at the 3' end. The amplified fragments were inserted into a SalUBamHI digested expression vector TMV-3 (15) . Plasmids BE and BS were derived from EcoRI and SnaBl digests, respectively, of plasmid B. Plasmid BdS was constructed in two steps. A SalUEcoRl digested PCR fragment encoding CS-RBD I was inserted into TMV-3 digested with SalUEcoRl, and the resulting plasmid was digested with EcoRUBamHl and ligated with an EcoRUBamHl digested PCR fragment encoding CS-RBD II. The insert sequences in the twelve expression plasmids were verified by DNA sequencing.
In vitro transcription and translation
Transcription and translation reactions were carried out essentially as described (15) . Plasmid DNAs were linearized with Xbal (BE with EcoRl and BS with SnaBT) and used as templates. Capped transcripts were synthesized using a mRNA capping kit (mCAP™ kit, Stratagene) at 37 °C for 30 min in 25 /d of reaction mixture. Translation was performed at 30°C for 1 h in 50 /tl mixture containing 4 /tl of p'Slmethionine (NEN, specific activity ~ 1200 Ci/mmole, 10.25 mCi/ml), 2 /tl of capped RNA (~ 1 /tg) and 35 /d of nuclease-treated, message-dependent rabbit reticulocyte lysate (Promega, Part No.L416). The in vitro translated proteins contain several extra amino acids at the Ntermini (the authentic N-terminal sequences are underlined). AF: MARVTLS-. A and AI: MARGRLKIF-, All: MARGRPNRVY-, BF: MVALS-, B, BI, BE, BS, BdllH and BdS: MARGRLKLF-, BE: MARGRRNRVY-.
Nucleic acids binding assays
Nucleic acids binding assays were carried out as described (15, 16) with minor modifications. Five mg of ssDNA-cellulose (Sigma, D8273, 6.2 mg calf thymus ssDNA/g cellulose) or 4 mg of dsDNA-cellulose (Sigma, D8515, 4.3 mg calf thymus dsDNA/g cellulose) were washed twice with water and once with buffer B (10 mM Tris-HCl, pH 7.6, 2.5 mM MgCl 2> 0.5% Triton X-100, 1 /ig/ml pepstatin, 1 mM PMSF) containing 0.1 to 2 M NaCl. Sixty /tl of ribohomopolymer-agarose in 50% glycerol (1.0, 0.8, 2.0 and 0.24 mg of poly(G), poly(A), poly(U) and poly(C), respectively, were bound to 1 ml of swollen agarose, Type 6, Pharmacia) were washed twice with DEP-treated water to remove glycerol and once with buffer B containing the indicated NaCl concentration. The swollen cellulose or agarose (about 20 /tl) was resuspended in 300 /tl of buffer B with the indicated NaCl concentration and S to 10 /tl of the translation products containing 0.5 % Triton X-100 were added. The binding mixtures were incubated at 4°C for 10 min. The beads were spun down briefly and washed successively with 1 ml buffer B with the indicated NaCl concentration plus 2 mg heparin (porcine intestinal mucosa, grade I, Sigma) and four times with the same buffer (1 ml) lacking heparin. The drained beads were then heated for 3 min at 100° C in 30 /d of electrophoresis sample buffer (17) , and 15 /tl of released protein sample was applied to 0.1 % SDS/15% polyacrylamide gels. After electrophoresis at 100 V for 4-5 h, the gels were treated with ENHANCE (NEN) for fluorography, dried and exposed to Hyperfilm™ (Amersham) at -70°C for 30-40 h. The relative amount of bound protein was calculated by a Bio-imaging analyzer (Fujix, BAS2000, 18). Three independent experiments were done for each binding assay.
RESULTS
Preparation of deletion mutants of cp29A and cp29B
The cp29A and cp29B proteins were chosen for the present study because they are the most abundant RNPs among the RNP family in tobacco chloroplasts (6) . These two proteins are nuclearencoded, similar to each other and contain an acidic N-terminal domain and two CS-RBDs. The deletion mutants were constructed by PCR amplification of given regions on the cDNAs followed by in vitro transcription and translation. All constructs are shown in Figure 1 . The molecular weights of the mutant proteins translated in vitro were verified by SDS-PAGE (data not shown).
DNA binding activities [
35 S]-labeled wild-type and mutant proteins of cp29A and cp29B were incubated with calf thymus ss or dsDNA-cellulose in the presence of 0.1-2 M NaCl. No binding was detected at 2 M NaCl (data not shown). The wild-type proteins (AF and BF) remained bound to ss and dsDNA up to 0.5 M NaCl, whereas the deletion mutants lacking the acidic domain (A and B) remained bound up to 1 M NaCl (Table 1 and Fig. 2 , data not shown for dsDNA). These results indicate that the acidic domain does not have a positive but rather a negative effect on the binding activities to DNA molecules.
The deletion mutants containing only one CS-RBD (AI, AH, BI and BIT) lost their affinity for ss and dsDNA except that a minute fraction of Al and BI remained bound at 0.1 M NaCl (Table 1 and Fig. 2 , data not shown for dsDNA). This suggests that CS-RBD I has slightly higher affinity for nucleic acids than CS-RBD E.
Ribohomopolymer binding activities
The wild-type proteins (AF and BF) bind to poly(G) and poly(U) up to 1 M NaCl (Table 1 and Fig. 3 ). Their binding is heparinresistant, and stronger than their binding to DNA, to which they remained bound up to 0.5 M NaCl. The deletion mutants lacking the acidic domain (A and B) remain bound to poly(G) and poly(U) up to 1 M NaCl and their binding seems to be stronger than the wild-type proteins as in the DNA binding described above. No binding to poly(A) and poIy(C) was detected in any of these assays (data not shown), indicating the RNA-binding specificities of these proteins. Both CS-RBD I and CS-RBD H alone (Al, AD, BI and BII) can bind to poly(G) and poly(U) up to 0.5 M NaCl, although the affinities are lower than those of RNPs containing both CS-RBD I and CS-RBD H (Table 1 and Fig. 3 ). CS-RBD I (Al and BI) shows similar affinities to poly(G) and poly(U), while CS-RBD II (All and BII) has a higher affinity for poly(U) than for poly(G) ( Table 1 ). At 0.5 M NaCl, 66% of the BE added to the binding mixture remained bound to poly(U) but only 16% bound to poly(G). Forty percent of the All added remained bound to poly(U) but not to poly(G) at 0.5 M NaCl. All was resolved into two bands as seen in Figure 3 probably due to insufficient denaturation before applying it to SDS-PAGE.
Effect of the spacer region on nucleic acid binding
Tobacco chloroplast RNPs contain a spacer region of 11 to 37 amino acids between CS-RBDs I and II (5, 6). cp29B was chosen for studies of the effect of the spacer on binding because its spacer is the longest (37 amino acids long) and rich in glycine (6) . We prepared a series of deletion mutants with respect to the spacer (BI, BE, BS and BdlM) and their binding activities to poly(G) and poly(U) were analyzed. They all remain bound to poly(G) and poly(U) up to 0.5 M NaCl (Table 1 and Fig. 4 ). This suggests that the spacer itself has no binding ability.
As described before, the protein containing two intact CS-RBDs (A and B) binds to poly(G) and poly(U) at 1 M NaCl. Therefore CS-RBDs have an additive effect on RNP binding to nucleic acids; chloroplast RNPs containing two CS-RBDs show higher binding activities than those containing one CS-RBD. The binding activity of a mixture of CS-RBD I and CS-RBD n (the amount of poly(G) or poly(U) was doubled in this assay) was then examined. As shown in Figure 5A , the mixture of CS-RBD I and CS-RBD n (BI+BII) shows the same binding pattern to poly(G) and poly(U) as either CS-RBD I (BI) or CS-RBD II (BIT) alone (up to 0.5 M NaCl), and no binding was detected at 1 M (Fig. 1) . Each protein was bound to poly(G) and poly(U) at the indicated salt concentrations.
Other details arc as in the legend to Fig. 2 .
NaCl. We then constructed a mutant protein (BdS) in which CS RBD I and CS-RBD II were ligated together without the space (see Fig. 1 ). Its binding activity is also similar to that of C5 RBD I or II alone or a mixture of the two (Fig. 5B) . We therefoi conclude that the spacer sequence is essential for the cooperatio of the tandem CS-RBDs in chloroplast RNPs. The cooperatio requires two intact CS-RBDs since the additive effect was lo: when half of the CS-RBD II was deleted (BdllH).
DISCUSSION
Five RNPs have been isolated and characterized from tobacc chloroplasts. Here we analyzed the role of individual domain in nucleic acid binding activities using a series of deletion mutant for cp29A and cp29B. Both cp29A and cp29B bind to poly(G) and poly(U) in the presence of up to 1 M NaCl while they bind to ss and dsDNA up to 0.5 M NaCl. The binding is heparinresistant, suggesting that it is not due to electrostatic interaction (19, 20) . This result indicates that cp29A and cp29B are RNAbinding proteins related to HeLa hnRNP proteins (16) . Their binding activities to nucleic acids are lower than those of the three other RNPs, cp28, cp31 and cp33, previously characterized (15) . This fits the order of protein elution from a ssDNA column (cp29A and cp29B were eluted with 0.6 M NaCl and the others with 2 M NaCl), suggesting that our in vitro binding assay faithfully reflects the binding activity and specificity of the authentic proteins. All chloroplast RNPs contain an acidic domain at the Nterminus. This domain is not directly involved in nucleic acid binding. It apparently suppresses the binding and this is probably due to its negative charge. The acidic domain may function in protein-protein interaction when chloroplast RNPs form a complex.
Mutant proteins containing one CS-RBD alone bind to poly(G) or poly(U), though with much lower affinity than RNPs containing two CS-RBDs, but lose their affinity for DNA. CS-RBD I binds to poly(G) and poly(U) with similar affinities, but CS-RBD II seems to have higher affinity for poly(U) than for poly(G). The fact that one CS-RBD has the ability to bind to ribohomopolymers suggests the presence of two RNA-binding sites on chloroplast RNPs. The two CS-RBDs may act cooperatively to bind a single RNA molecule, or they may bind to two different RNAs. If so, chloroplast RNPs have the potential to bring into proximity segments of RNA that are far apart on the same RNA molecule or on different RNA molecules (21) .
The spacer sequence between two CS-RBDs is poorly conserved and it varies in length from 11 to 37 amino acids. We have shown that the spacer itself is not involved in nucleic acid binding but is essential for the additive binding activity of two CS-RBDs. The spacer sequence may form a loop and the two CS-RBDs act together as a clip. In this clip model, the length of the spacer does not seem to be critical as long as it can be bent enough to bring the two CS-RBDs into the appropriate conformation. However, it cannot be ruled out that the sequence and the length of a spacer contribute to RNA-binding specificity of chloroplast RNPs. The additive effect seems to require two intact CS-RBDs. The fifth residue in the RNP-CS, phenylalanine, was found to form part of the RNA-binding pocket (22) . The mutant protein BdllH lacks the fifth residue (phenylalanine) in the RNP-CS and the region following it in CS-RBD n and shows no additive effect, indicating that the RNP-CS octamer and further downstream residues in chloroplast RNPs are essential for RNAbinding. All five chloroplast RNPs from tobacco have high affinities for poly(U) and poly(G) (this study and ref. 15) , suggesting that they bind to U-or G-rich sequences in chloroplast RNAs. Uridine-rich sequences are often found in the 3' untranslated region (UTR) of chloroplast mRNAs. Recently, several chloroplast proteins were found to be associated with precursor or mature mRNAs in vitro using UV-crosslinking and gel retardation assays (23) (24) (25) (26) (27) . Most of them were shown to bind to the 3'-UTRs. These UTRs usually contain inverted repeats (IRs) which form stable stem-loop structures and these 3'-IRs are considered to act as mRNA processing and stabilizing elements but not transcription terminators (28). Stern et al. (23) have shown that a group of proteins (55, 29, and 16 kDa) interact with thepetD precursor mRNAs in spinach. Downstream of the peiD IR structure, there are several U stretches which are considered to be important for the binding of these three proteins to the petD precursor. A 54 kDa protein was found to interact strongly with the 3' ends of tmK and rpsl 6 transcripts in mustard and the U-rich sequences in both 3'-UTRs are thought to be involved in these interactions (26) . Several G-stretches are also found in tobacco chloroplast RNAs (15) . Whether G-stretches in RNAs are binding targets for chloroplast RNPs and how they function remain to be investigated.
Chloroplast RNPs may function in a similar way by forming protein complexes like hnRNP complexes in which hnRNAs are associated with a group of hnRNPs. The processing of nuclear pre-mRNAs is believed to take place in these hnRNP complexes (29) . The hnRNP C protein has been reported to play a role in pre-mRNA splicing in vitro (30, 31) and a subset of hnRNPs bind specifically to the 3' end of introns (32) . Chloroplast RNPs are similar in structure and binding specificity to hnRNPs and therefore postulated to function in pre-mRNA processing in chloroplast gene expression.
